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Abstract

The latest Permian was a time of major change in ocean chemistry, accompanying the greatest mass extinction of the Phanerozoic. To
examine the nature of these changes, samples from two well-studied marine sections that span the Permian–Triassic boundary have been
analyzed: the Meishan and Shangsi sections located in Southern China. Isotopic analysis of the carbonate-associated sulfate in these sam-
ples provides a detailed record of several isotopic shifts in d34SCAS approaching and across the PTB, ranging from +30 to �15&

(VCDT), with repeated asynchronous fluctuations at the two locations. We interpret the patterns of isotopic shifts, in conjunction with
other data, to indicate a shallow unstable chemocline overlying euxinic deep-water which periodically upwelled into the photic zone.
These chemocline upward excursion events introduced sulfide to the photic zone stimulating a bloom of phototrophic sulfur oxidizing
bacteria. We hypothesize that elemental sulfur globules produced by these organisms and 34S-depleted pyrite produced in the euxinic
water column were deposited in the sediment; later oxidation led to incorporation as CAS. This created the large changes to the d34SCAS

observed in the latest Permian at these locations.
� 2006 Elsevier Inc. All rights reserved.
1. Introduction

The end-Permian interval leading up to the Permian–
Triassic boundary (PTB) represents a period of great
change in the chemistry of the oceans, as well as the evolu-
tion of life on the planet (Benton, 2003). During this inter-
val approximately 50% of marine families and 70% of
marine genera went extinct (Erwin, 1993). Additional evi-
dence for terrestrial extinctions across the Permian–Trias-
sic boundary (PTB) implies a change to Earth’s entire
biosphere (Huey and Ward, 2005). The main pulse of
extinction and the initiation of the isotopic shifts occur be-
low the Permian–Triassic boundary (which is defined as the
first occurrence of the conodont Hindeodus parvus) and the
main extinction horizon is often defined as the ‘‘event hori-
zon’’ (Erwin, 1993).
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The search for a cause of the end-Permian extinction has
long been of intense interest, leading to the generation of
numerous hypotheses which invoke both internal and
external mechanisms. Hypotheses for internal extinction
mechanisms include widespread ocean anoxia (Knoll
et al., 1996; Wignall and Twitchett, 1996; Isozaki, 1997),
low atmospheric oxygen (Berner, 2005; Huey and Ward,
2005), the development of euxinia in the oceans (Nielsen
and Shen, 2004; Grice et al., 2005; Kump et al., 2005),
the destabilization of methane clathrates in the oceans
(Krull and Retallack, 2000; Krull et al., 2000; Heydari
and Hassanzadeh, 2003), and Siberian trap volcanism (Re-
nne and Basu, 1991), among others. External forces have
also been invoked as extinction mechanisms, mainly in
the form of a bolide impact to the ocean (Becker and Pore-
da, 2001; Kaiho et al., 2001; Becker et al., 2004), but the
evidence for this remains controversial (Koeberl et al.,
2004; Renne et al., 2004; Wignall et al., 2004).

Siberian trap volcanism may have been the ultimate trig-
ger for warming-induced anoxia, but low atmospheric oxy-
gen levels may have pre-disposed the ocean to this state
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(Berner, 2005). Studies involving numerical models of dif-
fering complexity have continued to debate the possibility
of ocean-wide anoxia. Some models (Zhang et al., 2001;
Winguth and Maier-Reimer, 2005) suggest that the oceans
were vigorously circulating during the end-Permian leading
to a well-oxygenated Panthalassic ocean. Other studies
(Hotinski et al., 2001; Kiehl and Shields, 2005) emphasize
that prolonged anoxia or euxinia was primarily the result
of warmer deep-water source regions and elevated oceanic
phosphate concentrations, rather than a change in the ther-
mohaline overturning rate. The warming of high-latitude
surface waters at the end of the Permian would have led
to a decrease in the oxygen concentration of deep-water
formed in these regions. The more poorly oxygenated
waters would then have become rapidly anoxic due to the
consumption of oxygen during the oxidation of organic
matter sinking from the productive surface waters (Hotin-
ski et al., 2001). Deepening of anoxia led to euxinia and a
buildup of dissolved gases (i.e., H2S, CO2), in deep-water
masses which then resulted in massive upwelling of H2S
and CO2 (Knoll et al., 1996; Kump et al., 2005).

Sedimentological evidence in support of widespread
ocean anoxia has been found at a number of marine sec-
tions spanning the late-Permian through early Triassic
both in the paleo-Tethys and Panthalassa; see Wignall
and Twitchett (2002) for a review. Panthalassic sections
from Japan exposed in accreted terranes contain evidence
for anoxia from the late-Permian through early Triassic
(Isozaki, 1997), while Tethyan sections are characterized
by brief intervals of anoxia in shallow-water to deep-water
carbonate-rich sections. Some sedimentologic evidence ex-
ists for euxinic conditions during the late-Permian for a
deep-water Panthalassic section (Nielsen and Shen, 2004)
from the late Wujiapingian, and a shallow-water Tethyan
section (Wignall et al., 2005) spanning the Permian–Trias-
sic boundary. Pyrite sulfur isotopic data from the deep sea
Tanba terrane in Japan (Kajiwara et al., 1994) have been
interpreted as representing intensification of euxinia in
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Fig. 1. (A) Modern locations of the Meishan and Shangsi sections, modified af
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the Panthalassic Ocean, and shifts in the isotopic composi-
tion of carbonate-associated sulfate (CAS) from the Siusi
section in Italy (Newton et al., 2004), as well as green sulfur
bacteria biomarker evidence from both Meishan in S. Chi-
na and the Hovea-3 core from W. Australia (Grice et al.,
2005) suggest widespread euxinia in the Tethys Ocean dur-
ing the latest Permian.

The occurrence of large carbon isotope variations dur-
ing the early Triassic and their relationship to changes in
the marine biota as well as sedimentologic evidence (Pruss
et al., 2005) shows a prolonged recovery time for the ocean
ecosystem after the PTB event, which may mean that the
environmental stress which led to the extinction continued
well into the Triassic (Payne et al., 2004). The extinction
mechanism therefore could have created conditions which
prevented the expansion and diversification of many sur-
viving taxa.

The isotopic composition of seawater sulfate, measured
from evaporites, reached a Phanerozoic low in the latest
Permian (�10&) and increased to �30& during the earli-
est Triassic (Strauss, 1997). However, a more recent study
reveals that the d34S of the oceans may have varied rapidly
in the time leading up to the extinction event, suggesting a
greater change to the sulfur cycle than had previously been
proposed (Newton et al., 2004).

To evaluate this possibility we have analyzed the CAS
and pyrite sulfur isotopic compositions from the Meishan
and Shangsi sections of south China (Fig. 1). CAS is sulfate
which was trapped within the crystal lattice of biogenic and
inorganic calcite when it is precipitated and has been
shown to record the isotopic composition of seawater sul-
fate (Burdett et al., 1989; Strauss, 1999). The Meishan
and Shangsi sections are both deep-shelf, carbonate-rich
sections that span the Permian–Triassic boundary and were
located on the Eastern margin of the paleo-Tethys ocean
during the latest Permian (Baud et al., 1989; Wignall
et al., 1995). We find large uncorrelated fluctuations in
CAS d34S that require substantial additions of low d34S
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sulfate either to the basinal waters or diagenetic pore fluids.
These patterns indicate that intermittent euxinic conditions
were present in the photic zone during the latest Permian
and early Triassic in the S. China region, in support of
the Kump et al. (2005) hypothesis.

2. Method

2.1. Bulk chemical analyses

An oriented slab from each sample was cut from the
main sample and saved for petrographic and geochemical
analysis. Acetate peels were prepared after the method of
Ali (1968) and petrographically examined for evidence of
textural alteration. Bulk chemical analyses were performed
on the carbonate fraction of the samples utilizing a Leeman
Labs PS3000UV ICP-AES at the Materials Characteriza-
tion Laboratory at Penn State University with an average
analytical uncertainty of ±10 wt% for the calcium and
±5 wt% for trace elements. The material was powdered
and dissolved in 5% hydrochloric acid solution. The solu-
tion was filtered to remove any insoluble residue and sub-
mitted for analysis of Fe, Mn, Sr, and Ca concentrations.
CAS and total inorganic carbon concentrations were deter-
mined through mass balance during the extraction process.
Powdered samples were decarbonated in 25% HCl. Organic
carbon and pyrite S concentrations were measured through
combustion in a CE Instruments NC2500 elemental
analyzer.

2.2. Carbon and oxygen isotopes

Carbonate powders were dissolved individually in an
automated common-acid-bath system at 90 �C and ana-
lyzed on a Finnigan 252 Mass Spectrometer in the Penn
State Stable Isotope Biogeochemistry Laboratory. A labo-
ratory standard was run every seven samples and National
Bureau of Standards (NBS) 19 was analyzed at the begin-
ning and end of each run. The variation between replicate
analyses was �0.02& and the samples are reported in stan-
dard delta notation relative to V-PDB.

We did not perform analyses of the d18OCAS. However,
changes to the d18OCAS would be expected to show values
similar to those from bacterial sulfide oxidation during a
CUE event, and would be indistinguishable from sulfide
oxidation occurring later in the sediments making this an
unsuitable proxy for determining diagenetic effects in this
case.

2.3. Sulfur

CAS was extracted using modified methods from Burd-
ett et al. (1989) and Hurtgen et al. (2002). The limestone
samples (50–60 g) were powdered and rinsed with a sodium
hypochlorite solution (4–6%) for �12 h to remove any
metastable or organic sulfur compounds. The powder
was rinsed multiple times with deionized water (DI) and
then dissolved in a 25% HCl solution. The insoluble residue
from this dissolution step was rinsed three times with DI
and preserved. Saturated barium chloride solution was
added to the dissolved fraction to precipitate barite. This
solution furnished Ba in excess of that required to precipi-
tate the maximum anticipated sulfate. The solution was
heated for �1 h and set aside for �12 h. The precipitate
(barite) was collected (filtered) the following day. The res-
idue was added to an extraction vessel containing CrCl2
and concentrated HCl and heated to �120 �C for 1 h.
The vessel was purged with nitrogen gas prior to the extrac-
tion, and the sulfur was released as H2S, which flowed
through a condenser into a zinc-acetate solution where it
precipitated as ZnS (Canfield et al., 1986). A small portion
of the barite (�0.30 mg) or zinc sulfide (�0.20 mg) was
mixed with five times its weight in V2O5 and loaded into
5 · 7 mm tin capsules. The V2O5 was added in this ratio be-
cause it has been shown to produce consistent 18O/16O iso-
tope ratios (Yanagisawa and Sakai, 1983). The 34S/32S
ratio is affected by the overlapping ion currents produced
by 32S16O18O+ and 34S16O16O+, and through keeping the
18O/16O ratio constant, a single correction factor can be ap-
plied among all the samples analyzed (Hurtgen et al.,
2002). The samples were calibrated against known amounts
of NBS-127 barite and internal laboratory standards. The
samples were sent to the Stable Isotope Research Facility
at Indiana University, Bloomington, IL, for analysis on a
VG Optima series II mass spectrometer with the variation
between replicate analyses being 0.12&.

3. Results

The results for the d34SCAS of the samples for the
Meishan section along with the d34Spy (pyrite), D34S
(d34SCAS– d34Spy) and the concentration of CAS and pyrite
within the samples can be seen in Fig. 2. The results for
these analyses from the Shangsi section are shown in
Fig. 3. The concentration and isotopic composition of
CAS for both sections varies considerably in the upper
Permian and to a lesser extent in the early Triassic. Several
values for d34SCAS are extremely low (��20&) relative to
normal seawater values. The changes in d34SCAS around
the event horizon and PTB at Meishan are similar to those
reported in a previous study (Kaiho et al., 2001), but the
new data have been collected at higher temporal resolution.
CAS d34S oscillates between �20 and 20& at Meishan with
no obvious trend until the event horizon when values
plunge to �15&. The d34S of CAS at Shangsi is lower over-
all for the Permian than at the Meishan section. Changxin-
gian values fluctuate but trend toward less negative values,
varying from �10 to 25& up-section toward the PTB.

The pyrite sulfur isotopic composition at Meishan is rel-
atively constant before the boundary interval, which is
marked by fluctuations. The pyrite sulfur at Shangsi be-
comes more 34S-enriched approaching the boundary, then
drops to values around �40& before rapidly returning to
�20& higher in the section (Fig. 3). The D34S at Shangsi



Fig. 2. Isotopic composition of the carbonate-associated sulfate and CAS and pyrite concentration for the Meishan section. Radiometric dates marked
with * from Bowring et al. (1998), dates marked with ** from Mundil et al. (2001). The shaded box shows dates from both sources for the event horizon.

Fig. 3. Isotopic composition of the carbonate-associated sulfate and CAS and pyrite concentration for the Shangsi section. Radiometric dates marked
with * from Bowring et al. (1998), dates marked with ** from Mundil et al. (2001). The shaded box shows dates from both sources for the event horizon.

Sulfur isotopes and chemocline upward excursions in the end-Permian 5743
tracks changes in d34SCAS throughout the late-Permian
(Fig. 3); the relationship is not as clear in Meishan where
fewer pyrite samples were analyzed (Fig. 2). The D34S at
Meishan is relatively stable below the boundary at values
of about 20–30& and increases to 40–50& during the
extinction event (Fig. 2). The D34S at Shangsi increases
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approaching the event from values around 20& and also
reaches values between 40 and 50&, at the event horizon,
but then remains relatively high into the early Triassic
diminishing somewhat toward the top of the measured sec-
tion. The CAS concentrations at both sections average
around 1000–1500 ppm, but a few samples contain signifi-
cantly higher or lower concentrations of sulfate (Figs. 2
and 3). These samples are of concern because of their
anomalous geochemical characteristics: we discuss the pos-
sibility of diagenetic alteration below.

The results of the chemical analysis for iron, manganese,
and strontium in the acid soluble fraction are shown in
Fig. 4. The iron concentration in the samples from both
sections increases sharply around the relatively clay-rich
beds, but returns to lower values in more carbonate-rich
beds above at both sections. Mn/Sr ratios are characterized
by a few extremely high values at Meishan in the lower Tri-
assic, but no corresponding change is seen at Shangsi. The
Fe/Ca ratios for both sections rise across the event horizon
and PTB (Fig. 4). Mn/Ca weight ratios for the majority of
the samples at both Meishan and Shangsi (Fig. 4) provide
slightly different trends as well. At Shangsi, the Mn/Ca ra-
tio in carbonates increases before the event horizon and
then returns to pre-extinction values through the lower Tri-
Fig. 4. Stratigraphic profile of the Fe concentration and Mn/Sr, Fe/Ca, Fe/M
weight ratios have been multiplied by 1000.
assic. The samples from higher in the section at Shangsi re-
turn to the pre-extinction values. The Mn/Ca values at
Meishan remain low up to the event horizon and then in-
crease through the PTB. The Mn/Ca ratios decline higher
in the section trending toward pre-extinction values. The
Sr/Ca weight ratios for the Meishan section have values
ranging from 0.5 to 8 with some values near zero
(Fig. 4). For the Shangsi section the Sr/Ca values are as
high as 14 with a few smaller values in the lower Triassic
(Fig. 4). The data from all of the above figures are present-
ed in electronic annex EA-1.

The lithostratigraphy, micrite texture abundance (based
on petrographic analysis of acetate peels), and amount of
dolomitization (on the basis of Mg/Ca ratios) are shown
in Fig. 5 for both sections. The sections are both composed
mainly of limestone, with some dolomite present in bed 27
at Meishan and clay-rich layers near the extinction horizon
at both sections. The majority of the samples in the Perm-
ian are micritic, and vary between bioturbated and finely
laminated with primarily bioturbated intervals present
throughout the Permian and close to the PTB. The samples
are notably darker in color in the Permian because of
somewhat higher total organic carbon contents (TOC)
(Fig. 5). Both sections are dominantly micritic in the upper
n, and Sr/Ca weight ratios for the Meishan and Shangsi sections. Sr/Ca



Fig. 5. Stratigraphic profile for the Meishan and Shangsi sections, with the percent calcium carbonate, organic carbon weight percent per sample. The
percent of each sample showing a micritic texture was estimated from acetate peel analysis, and the Mg/Ca ratios are shown as a proxy for dolomitization.
Note the differing horizontal scales between the two sections for several graphs.
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Permian but there is almost no micrite in the lower Triassic
with some recrystallization. The lithostratigraphy shown in
Fig. 2 for Meishan is from Kexin et al. (1997), and Fig. 3
for Shangsi is from Wignall et al. (1995).

4. Discussion

4.1. Integrity of isotopic compositions

Below we argue that the large asynchronous variations
in d34SCAS measured at both sections (including large neg-
ative values) are the result of very early diagenetic process-
es driven by fluctuating overlying water-column chemical
conditions. In this regard, they are not primary signatures,
but they have paleo-environmental significance nonethe-
less. However, we must rule out other possibilities, includ-
ing artifacts from sample treatments and significant
meteoric and diagenetic influences.

4.1.1. Oxidation during sample digestion

The possibility of pyrite oxidation during sample treat-
ment and digestion remains despite our precautions. How-
ever, high pyrite concentrations do not correspond with
low values of d34SCAS (Fig. 6). Furthermore, the hydro-
chloric acid used during dissolution has been shown by
others (Goldberg et al., 2005) to have no oxidizing effect
on pyrite and therefore pyrite oxidation does not contrib-
ute to CAS isotopic composition during sample extraction.
Neither high apparent Fe concentration (Fig. 7) nor high
CAS concentrations (Figs. 8B and 9B) correspond to low
d34SCAS as might be expected if pyrite oxidation during
sample pre-treatment had occurred. Thus, while we cannot
rule out pyrite oxidation, we find it unlikely. We are cur-
-35 -30 -25 -20 -15 -10 -5 0 5 10 15 20 25 30
0

1

2

3

4

5

6

Shangsi
Meishan

δ34SCAS vs. VCDT

P
yr

ite
 S

ul
fu

r 
(W

ei
gh

t %
)

Fig. 6. Pyrite sulfur concentrations from the insoluble residue after
decarbonation plotted against the isotopic value of the CAS for both the
Meishan and Shangsi sections.
rently performing a comprehensive comparison of various
CAS extraction methodologies and will be making a rec-
ommendation for standardization of sample processing
soon.

The Fe/Ca and Mn/Ca ratios for the carbonate frac-
tion of the samples increase approaching (Shangsi) or
through (Meishan) the event horizon (Fig. 4). This could
reflect a primary trend, the onset of water-column anoxia
leading to an increase in the amount of reduced Fe and
Mn present during carbonate precipitation. However, the
Meishan samples which display the highest Fe/Ca and
Mn/Ca ratios also contain higher non-carbonate frac-
tions (Figs. 4 and 5). Thus, the higher Fe and Mn con-
centrations may be due to Fe and Mn leaching from the
clay fraction during hydrochloric acid dissolution. One
might expect higher Fe concentrations if pyrite oxidation
had taken place, but there is no correspondence between
pyrite (sulfur) concentration and HCl-extractable Fe in
samples.

4.1.2. Late diagenesis

Oxidation of reduced sulfur compounds and subsequent
reincorporation in diagenetic calcite as CAS during early
and late diagenesis is another possibility. Although textural
evidence mitigates against significant alteration of this
type, geochemical evidence can also be brought to bear in
the analysis. A crossplot of the d13Ccarb and d18Ocarb exhib-
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iting a positive correlation is commonly interpreted as a
sign of meteoric diagenesis (Gross and Tracey, 1966;
Meyers and Lohmann, 1985), and a plot of d18Ocarb vs.
d34SCAS yielding a positive correlation would suggest mete-
oric diagenesis influenced both the carbonate oxygen iso-
topes and sulfate incorporated in carbonate (Hurtgen
et al., 2004) assuming that meteoric waters were much
more 18O depleted than the original seawater. No correla-
tion between the d18Ocarb and d34SCAS for both the Mei-
shan and Shangsi sections is observed (Figs. 8A and 9A).
In addition no relationship is found between d18Ocarb and
the CAS concentration for either section (Figs. 8C and 9C).

Some d18O values for carbonate at Meishan are extreme-
ly low (�10 to �12&) whereas the d18O at Shangsi remains
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between �5 and �8&. The d18O trend in apparently rea-
sonably preserved Phanerozoic marine carbonates, while
increasing since the Precambrian, exhibits lower values
around the PTB with a lowest value of � �10& and a
mean value of �7& (Veizer et al., 1999). The overall trend
suggests that most of the d18O values reported here are
within the average for this time period. The only samples
which lie far outside this range are two values at Meishan
which do not occur in samples with low d34SCAS values.
Crossplots of the isotopic composition of carbonate-car-
bon and carbonate-oxygen are shown in Fig. 10. As with
the other plots, no discernable trend is visible.

As an additional test of alteration the d18Ocarb, d34SCAS,
and CAS concentration were plotted against Mn/Sr ratios
for all samples (Hurtgen et al., 2004). Strontium is often re-
moved during diagenesis while Mn is enriched resulting in
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higher Mn/Sr ratios and low Sr/Ca ratios (Hurtgen et al.,
2004). The crossplots against the Mn/Sr ratios for both
Meishan (Figs. 8D–F) and Shangsi (Figs. 9D–F) provide
no correlation to suggest diagenetic influence. From the
partition coefficient and today’s seawater Sr/Ca ratio
(Bathurst, 1971) calcite is expected to have Sr/Ca equal
to 1.2 mmol/mol. The majority of the samples are above
this value, with some exceptions near the PTB (Fig. 4), sug-
gesting that the Meishan and Shangsi samples as a whole
were only moderately diagenetically altered. That is, the
samples experienced compaction and cementation but not
wholesale dissolution, reprecipitation, or major pore filling
cementation. Those samples with low Sr/Ca values also do
not have extremely low values for d34SCAS.

4.1.3. Early marine diagenesis

The low values of d34SCAS in some samples and the sig-
nificant fluctuations of d34S at both sampled locations are
most likely not the result of meteoric diagenesis (exposure,
freshwater circulation, and/or deep meteoric events). They
are also not likely to represent variations in the global oce-
anic value, most simply because they do not correlate be-
tween the two sections. However, diagenesis that reflects
changes in primary environmental conditions may play
an important role. Local addition of 34S-depleted sulfur
to the sediment, either immediately upon deposition or
somewhat later as an early seafloor diagenetic overprint
may have played an important role. Petrographic examina-
tion of acetate peels exhibited evidence for recrystallization
although the samples were dominantly micritic. However,
CAS in lime-mud has been shown to be remarkably resis-
tant to alteration during early diagenesis, even in the pres-
ence of large quantities of organic matter and sulfate-
reducing bacteria in pore water (Lyons et al., 2004). It is
important to note that the Lyons et al. (2004) study was
conducted in Florida Bay, which is well oxygenated. In
contrast, the Meishan and Shangsi seafloors are interpreted
to have been episodically overlain by euxinic watermasses.
If so, reduced sulfur minerals precipitated in the water col-
umn, with low values of d34S, could have been episodically
deposited in the sediments. If the overlying waters became
oxygenated during the intervals between euxinia, oxygen
could have diffused into the sediment, oxidizing the re-
duced sulfur minerals and releasing 34S-depleted sulfate
into the pore water. The product sulfate could have later
become incorporated into the limestone as CAS, if the car-
bonate sediments were able to buffer the acidity created by
the oxidation of pyrite.

The pyrite sulfur concentration in samples throughout
each section remains fairly consistent and does not corre-
late with changes to d34SCAS (Fig. 6). The samples with
the most depleted d34S values also contain some of the low-
est iron concentrations suggesting that an alternative
source for the addition of 34S-depleted sulfur must be con-
sidered to fully explain the changes to d34SCAS.

4.1.4. Summary of diagenesis

From the above petrographic, chemical, and isotopic
analyses, we conclude that early diagenetic alteration
may have played a primary role in creating the rapid shifts
observed in d34SCAS at both sections. However, this pro-
posed early diagenetic alteration is considered to be a di-
rect result of rapid environmental variations (oxic–anoxic
cycles). The extremely light values for the CAS sulfur iso-
topes and the recrystallization textures petrographically
observed in many samples are consistent with early marine
diagenesis. Geochemical evidence suggests that later dia-
genesis and meteoric diagenesis are unlikely to explain
the observed changes and pyrite alone as the source of this
34S-depleted sulfate is not the sole source of additional sul-
fur because rapid changes in d34SCAS occur despite relative-
ly constant pyrite sulfur concentrations. While not
necessarily representing the original surface-water d34S val-
ues, the d34SCAS indicate a change to the sulfur input to the
sediments during the end-Permian and early Triassic that
may provide a clue to the environmental changes occurring
at this time.

4.2. Euxinia

Numerical modeling has shown that the deep-water of
the ocean could have become euxinic during periods of
prolonged anoxia such as the end Permian (Hotinski
et al., 2001), and that the chemocline between the oxygen-
ated surface waters and the sulfide-rich deep-water could
become unstable with H2S concentrations higher than
1 mmol/kg (Kump et al., 2005). This would have led to
chemocline upward excursion (CUE) events where sulfidic
deep-water would be transferred to the shelf environment
and hydrogen sulfide would be released to the atmosphere
(Kump et al., 2005).
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4.2.1. CUE events and sulfur isotopes

Sulfide in the euxinic deep-water would have been 34S-de-
pleted, being derived from bacterial sulfate reducers thriving
in anoxic waters. Newton et al. (2004) suggested that a reduc-
tion of 30% of oceanic sulfate to sulfide and storage of this
sulfide in euxinic deep-waters would be enough to produce
the shifts between 11.5 and 27& they observe in d34SCAS.
The problem with this mechanism is that isotopically light
sulfide upwelling into the photic zone would be accompanied
by isotopically heavy sulfate resulting from Rayleigh distilla-
tion isotope effects during water-column sulfate reduction.
Upon oxidation the two would mix creating a parcel of water
that had the original (undistilled) seawater value. Thus, we
must find other mechanisms for preservation of the light sul-
fur isotope values. In other words, we must identify mecha-
nisms for sequestering the isotopically light sulfur before it
oxidizes and mixes with the accompanying isotopically hea-
vy deep-water sulfate.

4.2.2. The effect of CUE events on sediment chemistry

One method for sequestering the sulfide is for bacteria
or inorganic geochemical reactions to immediately convert
it into a relatively insoluble phase (elemental sulfur or pyr-
ite) under euxinic conditions. The episodic excursions of
euxinic water in the photic zone proposed by Kump et al.
(2005) would have led to conditions favorable for blooms
of phototrophic purple and green sulfur bacteria. Elemen-
tal sulfur derived from this bacterial source would have
been isotopically depleted in 34S, being derived from an
isotopically light source and potentially subjected to subse-
quent disproportionation during oxidation. Disproportion-
ation reactions (cycling sulfur between sulfide and
elemental sulfur) could have occurred in a shallow chemo-
cline creating 34S-depleted sulfides and the large D34S val-
ues (Figs. 2 and 3; Canfield and Thamdrup, 1994). The
elemental sulfur produced in the water column would have
fallen to the ocean floor and become incorporated into the
surface sediments. Sulfur globules have been shown to
form in the surface waters off the coast of Namibia during
build up and release of H2S from the sediments (Weeks
et al., 2004). These elemental sulfur globules have been
mapped in satellite images being transported along the
coast for later deposition (Weeks et al., 2004), similar to
the mechanism being suggested here for the end-Permian.
In the presence of ferrous iron, some of the upwelling sul-
fur might have also been sequestered as FeS or FeS2 and
deposited in the sediments, to later become oxidized. How-
ever, due to the lack of a correlation between Fe and
d34SCAS and other limitations on pyrite as the source of sul-
fur discussed above, we favor elemental S as the primary
shuttle of low d34S sulfur to the sediments.

The values for d34SCAS at Meishan and Shangsi reach a
maximum just before the event horizon, coinciding with
both the biomarker evidence for green sulfur bacteria
(Grice et al., 2005) and with the highest values for D34S
at both sections, and then fall to extremely low values
across the extinction horizon (Figs. 2 and 3). Evaporite sul-
fur d34SCAS values representing open oceanic sulfate reach
a minimum in the late-Permian (�12&) and trend towards
heavier values through the latest Permian and into the Tri-
assic where they reach a high of �25& (Kampschulte and
Strauss, 2004). The values measured at both Meishan and
Shangsi (Figs. 2 and 3) trend toward the extrapolated evap-
orite curve while repeatedly deviating to more 34S-depleted
values throughout the latest Permian, which we hypothe-
size to indicate repeated CUE events in this region.

At the end of the CUE events, the sediment-water-inter-
face (SWI) would have become oxic, leading to the oxida-
tion of the elemental sulfur and some of the pyrite (or Fe
monosulfide precursors) creating pore waters with low
pH. These low pH waters would have driven recrystalliza-
tion, by dissolving portions of the lime-mud sediments until
the carbonate system was able to buffer the acidity and al-
low for precipitation of secondary (diagenetic) carbonate
incorporating 34S-depleted sulfate as CAS. Assuming that
1 wt% of the sediments was elemental sulfur formed within
the water column, approximately 20,000 ppm of 34S-deplet-
ed sulfate could have been generated. With the average
CAS concentration within the primary micrite being
�1000 ppm (Figs. 2 and 3) the sulfate within the sediments
would have been overwhelmed, thereby creating the isoto-
pically light signals observed. While this is technically a
‘‘diagenetic’’ effect, it is driven by the input of sulfur from
the CUE events providing evidence of photic zone euxinia.

A small decrease in the d34SCAS also occurs at the PTB,
which is the second location at Meishan where green sulfur
bacteria biomarkers were detected indicating a second ma-
jor bloom of phototrophic sulfur bacteria as the result of
euxinia in the photic zone (Grice et al., 2005). These results
are consistent with those of Pruss et al. (2005) and Payne
et al. (2004) which indicate that anoxia and, now, perhaps
euxinia continued well into the early Triassic and impeded
the biotic recovery from the end-Permian mass extinction.

5. Conclusions

The large amplitude, apparently rapid variations in
d34SCAS measured in this study indicated that multiple
chemocline upward excursion (CUE) events occurred in
S. China and likely elsewhere during the end-Permian mass
extinction. Repeated changes in the oxidation state of the
uppermost sediments due to the incursion and retreat of
euxinic waters onto the continental shelf led to the genera-
tion of considerable quantities of reduced sulfur minerals
(elemental and pyrite S). These reduced sulfur minerals
were deposited in surface sediments during CUE events
and then oxidized as euxinic waters retreated to the deep
sea. As a result the sulfur isotopic composition of the sul-
fate trapped in carbonate minerals underwent large, local
fluctuations. The inferred changes to the sulfur cycle during
the end-Permian strongly suggest that an internal mecha-
nism was the trigger for the extinction and that the pertur-
bations began before the main pulse of extinction and
continued well into the Triassic.
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